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hydrogen-based economy is effective storage and delivery
of hydrogen. Liquid hydrogen, which has modest densities
of 70 g/L, is currently the most commonly used form in
prototype automobiles, and is very energy intensiup to

40% of the energy content must be spent to liquefy hydrogen
at its very low condensation temperature (20 K). This low
temperature cannot be provided by practical and inexpensive
cooling agents, e.g., liquid nitrogerr {7 K); hence, the
continuous boil-off of liquid hydrogen poses problems to
on-board storage. Compressed hydrogen gas, the second most
commonly used storage system, typically only holds 15 g/L
at 35 MPa. Higher pressures could hold higher hydrogen
densities, but this is complicated by safety and logistical
concerns. Other storage methods, including molecular hy-
drogen adsorption on solids with a large surface area (e.g.,
metal-organic frameworks or carbon nanotubes) and bonded
atomic hydrogen in hydrocarbons or in metal hydrides, have
been developed extensively to address key issues of hydrogen
content,P—T conditions of synthesis and storage, and on-
board hydrogen releadeHydrogen clathrates have been
discovered and suggested as a candidate material for
hydrogen storage very recenfiy?

Storage of hydrogen in supermolecular compounds con-
sisting of simple molecules represents an alternate approach.
One of the first studied supramolecular systems was the
cagelike hostguest clathrate structure. In clathrates, “two
or more components are associated without ordinary chemical
union, but through complete enclosure of one set of
molecules in a suitable structure formed by anotlierhe
major subject of this review is clathrate-based compounds
of hydrogen from the point of view of both experiment and
theory. These clathrate materials have potentially important
future energy applications including hydrogen-fueled cars,
energy storage, and distribution grids.

Clathrate materials have evolved from scientific curiosity
to an active research field since their discovery in 1810.
Davy’ discovered that a solid is formed when an aqueous
solution of chlorine (then known as oxymuriatic acid) was
cooled below 9.0°C, and Faraday suggested that the
composition of the new solid was nearly 1 part of chlorine
and 10 parts of watérlt is now known that there are many
species which can combine with water and form nonsto-
ichiometric solid compounds. Typical examples of hydrate-
forming substances include GHCO,, and HS. The terms
“gas hydrate” and “clathrate hydrates” have been used for

The technology of using hydrogen as an environmentally these solid$.

clean and efficient fuel is an active research area world-

Clathrate research had purely academic interest until 1934.

wide!? One of the major challenges in establishing a At that time, the oil and gas industry in the United States

was growing rapidly, and the plugging of natural gas
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gas became a significant probléfhResearch efforts on
natural gas hydrates were initiated by industry, government,
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and academfa to understand these materials. The crystal pis research interests cover high-pressure condensed-matter physics, high-

structure of gas hydrates was discovered by X-ray diffraction pressure chemistry, high-pressure crystallography, chemistry of the Earth's

studies in the 1950s. The term “clathrate” was coined in 1948 mantle and core, deep Earth geophysics, physics and chemistry of giant

by Powell, who discovered inclusion compounds of hydro- planetary interiors, and high-pressure materials science.

guinone® He found that guest atoms are held hostage in cages

of a host (“clathratus™Latin for “enclosed or protected by  be stored. Such materials have only been discovered very

cross bars of a grating”) and the distances between the guestecently; reconnaissance studies have been conducted on a

and host atoms are of the order of typical van der Waals small number of simple molecular systems such as H

distances (no conventional chemical bonds between the gues€H,,>% H,—H,0,*%1* and H—Ar.'> Each system already

and the host). This discovery aided the development of arepresents a growing research area with technological

statistical thermodynamic model for the hydrate as a solid potential. These compounds can retain an enormous amount

solution!? of hydrogen: Ar(H). has 9.2 mass % molecular hydrogen,
From the experimental perspective, pressure can serve a$l;(H,O), holds 5.0 mass % molecular,Ha total of 15.6

a unigue tool to synthesize novel crystalline compounds in mass % if all H atoms are counted), and,4CH,) holds

which molecular hydrogen and other simple molecules can 33.4 mass % molecular hydrogen (total of 50 mass % H),
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all significantly above DOE targéfs(see section 2.1.2 for

a detailed comparison). Hydrogen is retained by weak van
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High-P—T techniques provide an important means to
synthesize novel MHS materials, including materials that can
be quenched to ambient or near ambient conditions. Theo-
retical calculations complement the effort by providing
guidance on possible structures. Specifically, the clathrates
can be modeled in the calculations, and their stability,
structure, and bonding can be examined to identify the most
stable materials suitable for practical applications.

2. Hydrogen in Clathrate Hydrates

2.1. Binary Hydrogen Hydrates
2.1.1. Discovery

Dyadin et aP studied the HO—H; system by differential
thermal analysis and found a temperature region exhibiting
anomalous melting behavior and kinetics of ice melting at
hydrogen pressures of 186860 MPa. They hypothesized
that a clathrate phase of hydrogen hydrate was formed in
this pressure range. Following that work, the clathrate phase
sll of hydrogen hydrate was synthesized by Mao étfedm
a liquid at a pressure of about 200 MPa and-a4 °C. Mao
et al. suggested that four hydrogen molecules are stored in
a largesll clathrate cage, and two hydrogen molecules are
stored in a smaller cage. Lokshin et'alstudied the
composition of this phase by neutron diffraction and found
that D,/D,O = (32 + x)/136, wherex varied from O to 16
depending orP andT (see Table 1). The value af= 16
(one hydrogen molecule in small cages sif clathrate)
corresponds to the 3.9 mass % hydrogen content in the

der Waals forces and interactions in these solids, and CaNg|athrate. Because the pressures-@D0 MPa are expected

be readily released by increasing temperatiijeo( decreas-
ing pressure ). These hydrogen storage compounds are
formed at highP and low T, and hydrogen is released
automatically near ambief andT.

By varying T and chemical composition (denoted by an
arbitrary constituent X), the relatively high synthesis pressure
which has been the main obstacle for the molecular
compounds to be a viable hydrogen storage material so far

can be reduced. Areas of research include exploring the

P—T—X space for each of the following three categories of
hydrogen materials:i)(molecular hydrogen storage (MHS)
in hydrocarbons, (i) MHS in clathrates, as well as (iii) MHS
in other inert componentsAn important goal has been to

within ice planet satellites, a study of the®+H system at
these conditions is of considerable interest in planetary
science!. The implications of the newly discovered clathrate
as a hydrogen storage material were further explored in refs
5 and 18. These earlier studies were followed by other
investigations by the broader community. The subsequent
work elaborated on the original findings as described in the
following sections.

2.1.2. Clathrate Structures and Storage Potential

Many structural frameworks with slightly different ener-
gies can be formed from water molecules due to their

acquire fundamental understanding of the different classestetrahedral coordination and hydrogen bonding topology
of materials. In order to search for, and to optimize, a determined by the “ice rule&*?°and by the ordering of the
practical hydrogen storage material, only a few simple hydrogen bonds. The structures of the gas hydrates may be
systems (H—CH,, H,—H2O, and H—Ar) have been studied  represented as a set of close-packed polyhedra (Figure 2)
so far, and in each system, unexpected compounds have beebuilt from the water molecules, with neighboring polyhedra
discovered. A larger number of other binary and multicom- having common faces. The most common gas hydrate
ponent systems may have the potential to be developed intostructures, cubisl andsll, contain two types of different
fuel systems. This review focuses on hydrogen clathrate sized cages (Figures 3 and 4). The least deformed water
hydrates as well as molecular (i.e., van der Waals) com- molecules’ polyhedron is a pentagonal dodecahedimn (
pounds that may be highly promising systems for MHS.  cavity or small cavity), which occurs in most clathrate

Table 1. Idealizedsl, sll, and sH Clathrate Hydrate Structures

limit of hydrate
number (all cavities

unit cell unit parameters occupied/large examples of
structure formula (inA) cavities occupied) hydrates
sl (cubic structure I) 672D-46H,0 12.0 5.75/7.66 b5-6H,0
CHy-6H0
slI (cubic structure 11) 8HL6D-136H,0 171 5.66/17 A6H,0O
SK+17H,O
sH (hexagonal structurel) 3D-2D'-11-34H,0 a=12.26 5.66/34 see ref 25

c=10.17
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Figure 1. Phase diagram of the hydrogewater system in relation
to the hydrogen clathrate hydrate. The solid line is from ref 3. The AL A
open circles and dash-dotted lines are from ref 44. Dashed lines .‘
show the boundaries between different phases of ice. The actual ’.
filling of the sll clathrate cages by Hmnolecules over the stability & S
range has not been established yet. The composition of hydrogen (b) .;
clathrate hydrate at the i¢e—sll boundary is compatible with just t'. "h ".
one hydrogen molecule in both large and small ca¢feEhe arrow -
shows the path used by Mao et'dbr synthesis of thall clathrate t‘.-“f 'r,’
hydrate. :::
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Figure 2. The major building blocks of the clathrate lattice
Allen’s polyhedréf? D, pentagonal dodecahedron (12 pentagonal
faces)T, tetrakaidecahedron (12 pentagonal and 2 hexagonal faces)
P, pentakaidecahedron (12 pentagonal and 3 hexagonal fates);
hexakaidecahedron (12 pentagonal and 4 hexagonal fdbgs);
irregular dodecahedron (3 square, 6 pentagonal, and 3 hexagon
faces);l, icosahedron (12 pentagonal and 8 hexagonal faces).
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Figure 3. (a) Clathratesl structure consisting of linear chains of
large T cages that share hexagons. Two sets of chains are shown
in blue and turquoise. The third set of chains running vertically
was omitted for simplicity. SmalD cages shown in red fill the
emaining voids. (b) Layer of the clathras structure. Two
xamples for linear chains of largecages are shown in blue. A
selection of smalD cages is colored green. The small dots mark
the cage centers of the largecages. (c) Cubic unit cell of the
hydrate structures. It is the only hydrate cage that has planarciathratesl structuré=® with a selected number of cages. Blue
faces with both equal edges and-O—0 angles. In th® Sphertetsh marktthe C?qltqers ofﬁt}?e laigeages, and brown spheres
(5') cage there is only a 1°5departure of the ©0-0 are at the centers of fhe smaflcages.
angles from the tetrahedral angles of ibeand only 3.8
departure from the free water angle; the-O bond lengths
exceed those in ice by 1%. However, the pentagonal ) . .
dodecahedron does not fill the available space and require .) and preS”.' type sl contains small cages in a 1'2.0 nm
the presence of cages of larger siz&sR, H, D', I—large size unit cell in space grouBr_an, an_d type_sll contains
cavities). Depending on their size, the guest molecules canl2rger cages In a 1.73 nm size unit cell in space group
be accommodated only in the large cages or in both typesFd3m.*** The most commonly found among these is shig
of cages. It is not necessary to have 100% occupation of thein Which there are 17 4D molecules per guest moleciffe;
large cages for the formation of the clathrate hyd?fatayt its ideal unit cell contains 136 4 molecules forming 16
it is quite common for the large cages to be filled to nearly small ©) and 8 large Ki) cage®?* (Figure 4). Clathrate
100% occupanc$? occupation of the small cages may vary hydrates have been found to form crystals of hexagonal
from 0 to 100972 The clathrate structures have been symmetry (space grouB6mmn).2° These are called “type
examined in detail by von Stackelberg andIMu?® They H” or structureH clathrates ¢H) (Figure 5).

| divided the structures into two types, typk(or “structure
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Table 2. Comparison of Hydrogen Storage Characteristics for
H>—H>0 and H,—CH,4 Materials

Hamass % kWh/kg KWh/L kgL

sll H2(H20). 5.265 1.8 15 0.83
C Ha(H20) 11.2 3.7 35 0.95
HM4 (H2)a(CHa,) 334 111 ~10 ~0.9
DOE target 2005 4.5 1.5 1.2 0.8
(a) DOE target 2010 6 2 15 0.75
DOE target 2015 9 3 2.7 0.90

calculated as WH,O = (8 x 4 + 16 x 1)/136 (4 H
molecules in the largél cage and 1 molecule in the small
D cage) is 3.9%.

The hydrogerwater system has already yielded two
potential hydrogen storage materials, a hydrogen clathrate
hydrate with classisll structuré and a filled ice phas€,'*.

The phasell was synthesized at 2500 MPa and 249 K;

it contains 50 g/L hydrogen (5.3 mass %) and was success-
fully recovered to ambienP (0.1 MPa) at 77 K, thus
demonstrating the potential for hydrogen storag&eutron
scattering studies of deuterated water and deuterium at 220
MPa and 206-270 K showed that smaller cages hold just
one deuterium molecufg.The kinetics of the reactions or
isotope effects may contribute to the different results
reported.

A practical hydrogen storage method must satisfy a
number of requirements: (1) high hydrogen content per unit
mass, (2) high hydrogen content per unit volume, (3)
moderate synthesiB (preferably <400 MPa, the pressure
that can be reached by a simple compressor), (4) near
ambientP and moderatd for storage, (5) easy hydrogen
release, and (6) environmentally friendly byproducts, if any.
Storage of hydrogen in molecular compounds provides an
attractive alternative to other approackesable 2 lists some
compounds of this type holding quantities of hydrogen that
exceed DOE targetsof 2005-2015 in both kWh/kg (energy
delivery capacity) and kWh/L. The J@ host molecules
would be an environmentally very friendly byproduct, while
the CH, host molecules could be used as a supplemental
fuel (albeit not environmentally friendly) or just retained as
a storage medium. The challenge is that these materials
currently require too high a pressure (several hundreds of
MPa) for synthesis and retention to be practical.

Figure 4. (a) Clathratesll structure consisting of smald cages hAt Slyéflglentlyl(lobw tg_mperart]ure, hyldroglgen |sdreta|nedd in
shown in red and largél cages shown in blue. The small cages the solid by weak bonding to host molecules under moderate

are shared by pentagons and form linear chains along the [110]Synthesis pressuré’d and temperatureTf). The solid is

direction that are displayed horizontally. (b) Layer of the clathrate cooled down to moderately low temperatuie)( and the

sll structure with small cages shown in red and large cages shownpressure is released 8§, and the hydrogen-containing solid

in blue. (c) Cubic unit cell of the clathrat! structuré® with a is recovered at ambient pressure (quenched). The stored

selected number of cages. The centers of the large cages (bluehydrogen can be released by warming up toward a temper-

spheres) form a diamond lattice. As illustrated for the middle cage, . o .

each large cage shares a hexagon with four neighboring large cage@ture (fa) for final applications. This Iow-ter‘r51per_alture

The remaining voids are filled with small cages (e.g. the cage with Synthesis route has been demonstrated t@HbD).,> which

the brown sphere at its center). is quenchable to ambieRtat moderately lowl (77 K). The

Hx(H20) “filled ice” and (H.)4(CH,) “molecular ice” com-

Clathrate hydrates with a single guest component at pounds contain higher amounts of hydrogen and can be

moderate pressures (up to tens of MPa) have been the mostjluenched to moderatat low T (500 MPa, 77 K and 200

extensively studie@®?’ The structures of the clathrate MPa, 77 K, respectived. Ideally, the bonding to the ice

hydrates formed in these systems in most cases werehost helps to stabilize molecular hydrogen in the crystalline

determined by diffraction methods at atmospheric pressurecompounds at moderately lo+~T, yet is sufficiently weak

and low temperature. It was found that small molecules such for easy hydrogen release. Other ga® systems are known

as nitrogen and oxygen forslil hydrates, whereas, earlier, to contain a great number of stable and metastable pfages,

these gases were regarded as typit&brmers?®2°Table 1 and new phases of ice are still being discovefetf By

lists the structural units and the number of water molecules analogy, new compounds are expected in the hydregan

in sl andsll structures. Fosll clathrate hydrates having 8 system by exploration of the multicomponent (e.gOH

large and 16 small cages, the content (by mass) of hydrogenCH,—Hy) system along differer®—T paths. The very large

(b)

(©)




4138 Chemical Reviews, 2007, Vol. 107, No. 10 Struzhkin et al.

exploiting other high-pressure materials. Low temperature
hinders transition reversal and preserves high-pressure phases
to near ambient pressure, as was demonstrated for the
nonmolecular phase of nitrogen brought to low pressure from
200 GP&? The ongoing research of the hydrogen storage
in clathrates explores the moderately low {300 K) to
moderately high (300450 K) temperature range to search
for new compounds capable of retaining a significant amount
of hydrogen. However, the compounds that are formed at
relatively high P—T conditions may be decompressed at
moderately lowT. Similar strategies may help in the search
for novel carbon clathrate materials for hydrogen storage,
albeit at higheP—T synthesis conditions and with the use
of various starting carbon-containing materials (e.g., graphite,
hydrocarbons, etc.).

2.1.3. Clathrate Formation

In the original work of Mao et att,hydrogen hydratel|
was studied in thé®>—T range of 0.+600 MPa and 7+
300 K in diamond anvil cells (Figures 6 and 7). Samples
initially at 250-600 MPa and 300 K separated into two
phases, A and B. Liquid water in region A and fluid hydrogen
in region B have little mutual solubility, as indicated by the
absence of the ©H Raman vibration in the hydrogen region
and very weak hydrogen molecular rotons and vibrons in
' ' Y the water regiorit#2 During isobaric cooling, the sample
\ . ' changed suddenly at 249 K. Reaction rims grew between
regions A and B while the main body of region A first
I . darkened, due to the infiltration of hydrogen and nucleation
(c) o o of a new phase, and then cleared up after the new phase
completely took over that region. The volume of region A
. increases by 4042) % as the result of incorporation of
\ ; hydrogen into HO to form a hydrogen clathrate. As the water
' solidified into the clathrate, the fluorescence peaks of ruby
grains trapped in the clathrate broadened due to nonhydro-
static stress. The hydrostaticity and overall appearance of

Figure 5. (a) One layer of the clathrattH compound is shown. rggion B, on the other han_d, remain(_ad unchanged Wh“e its
The large barrel cages shown in blue are arranged on a hexagonal size decreased due to the incorporation of hydrogen into the

lattice. Each barrel shares hexagons with barrel cages in thegrowing hydrogen clathrate. The formation and decomposi-
neighboring layers. Within the displayed layer, each barrel cage tion of the new clathrate show a large hysteresis. Similar to

shares hexagons with sB' cages that are shown in red. These various phases of icé8*3the clathrate can be quenched to
cages share squares between them. The remaining voids are fillegmbientP at low T. At 300 MPa, the clathrate was first
with linear chains of smalD cages that are displayed in green. (b) observed at 249 K on cooling, while, on subsequent warming

A layer of the clathratesH structure. The barrel cages (blue) are - : : -
arranged on a hexagonal lattice. The selected sBx afdD’ are at this pressure, the clathrate remained until reaching 280

shown in red and green, respectively. (c) Hexagonal unit cell of K, above which it began gradually decomposing into water
the clathrate H structut® with a selected number of cages. The and hydrogen. When the sample was isothermally decom-
turquoise, brown, and blue spheres are located at the centers of th@oressed from 300 to 0.1 MPa (ambient pressure) at 77 K,
I, D', andD cages, respectively (see Figure 2 for the notation of hydrogen in region B vanished, indicating the complete
the cages). reduction in the pressure and the escape of any unattached

hysteresis and the path-dependent phase relationships doculydrogen gas. Meanwhile, hydrogen vibrons and rotons in
mented at lowT open opportunities for metastable growth region A remained unchanged, indicating the successful
and stabilization of hydrogen-rich phases. Future avenuesStorage of bonded hydrogen in the clathrate. The main low-
for exploration may include investigation of larger guest frequency vibron persisted upon warming at a rate of 0.2
molecules to stabilize the @ framework structure of other ~ K/min at ambient pressure while the weak vibrons at higher
clathrate structuress(, sH), and filled ices, and studies of ~frequency thaQy(1) of pure hydrogen gradually disappeared.
the possibility of multiple occupation of #in cages of other ~ Eventually, the clathrate disintegrated and released hydrogen
structures. at 140 K. The described technique deals with very small
With the accelerating advances in static compression Sample volumes, and the kinetics of the transition should
techniques in recent years, an increasing number of newnot be of critical importance, as is the case in larger volume
materials have been synthesized both uriland recovered dev[qes_. The r_eader interested in the details of clathrate p_hase
to ambientP.3® Arguably, the most important material created equilibria studies in larger volumes should refer to the review
under pressure and recovered for manifold uses is diamond Pook by Sloart’
which forms the basis of a multibillion dollar a year industry. Different synthesis routes may significantly affect the
Recent developments suggest great potential for finding orkinetics of clathrate formation. Lokshin and ZWahave

a4
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Figure 6. Experimental setup for hydrogen clathrate synthesis and measurements. The pair of diamond anvils is holding the sample enclosed

in a metallic gasket; the anvils are mounted inside the diamond anvil cell with the lever arm assembly for pressure generation. The cell in
the lever arm is placed inside of a cryostat-@D0 K) having optical access through sapphire windows. The pressure in the cell can be

changedn situ at low temperature and monitored by ruby fluorescei¢®arts of the figure are reprinted with permission from ref 68.
Copyright 2004 Elsevier B. V.

respectively. It was also not&dhat, in some instances, the

300MPa full conversion of water to clathrate was not achieved, even
B 250 K after 5-10 days of synthesis. On the other hand, when ice
) was used as a starting material, the conversion of powdered
F ice with an average grain size of 0.5 mm to h_ydrogen
i clathrate hydrate was complete in less than 10 thin.

In summary, the hydrogen clathrate hydrate formation
kinetics may be extremely slow, preventing the exact
determination of the phase diagram of this new clathrate
system. At this time, the tentative phase diagram shown in
Figure 1 should be considered as a preliminary outline of a
few experimental efforts and requires further experimental
studies. The existence of slow routes for decomposition of
the hydrogen clathrate may provide a means of hydrogen
storage in a metastable clathrate material.

300 microns

. _ o ~2.2. Ternary Hydrogen Hydrates
Figure 7. Synthesis of hydrogesll clathrate in a diamond anvil

cell. The photographs on the right side show the synthesis progress 2.1, THF-Based Hydrates
during 30 min at 249 K and 300 MPa. Parts of the figure are

reprinted with permission from ref 5. Copyright 2004 by the For hydrogen clathrate, the only byproduct after release
National Academy of Sciences of the U.S.A. of the stored molecular hydrogen is water, making it

attractive as a clean and inexpensive storage material.
studied the route suggested by Mao and Mamd found However, the hydrogen storage capacity has been a topic of
that formation of the hydrogen clathrate from water and debate. Mao et dl.used optical microscopy and Raman
hydrogen occurs very slowly fa 1 gsample. The neutron  spectroscopy to estimate the hydrogen occupancy. From their
diffraction patterns of hydrogen clathrate prepared from water results, they inferred two hydrogen molecules in each of the
at 260 K and 150 MPa have shown that the conversion of sixteen small dodecahedral cages and a cluster of four
water to the clathrate phase was approximately about 30%hydrogen molecules in each of the eight larger hexakaid-
and 70% of the clathrate content achieved after 3 and 20 h,ecahedral cages, which is equivalent.0 wt % molecular
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Figure 8. Clathrate structuresll stabilized by tetrahydrofuran
(THF) molecules in large cag&gtypically formed at high pressure
and low temperature), in which host water molecules crystallize
into various polyhedral cavities trapping small guest molecules

(typically <9 A).

hydrogen in the material. A neutron diffraction stdtpn

deuterated samples found only one deuterium molecule in
the small cages and up to four deuterium molecules (depend
ing onP—T conditions) in the large cages. Theoretical studies
carried out at differing levels of accuracy have produced
varying results for the hydrogen occupancy in the small
cavity#-59 One hydrogen molecule in the small cages and

four in the large would reduce the hydrogen storage capacity

to ~3.8 mass %. In addition, the extreme conditions required
to synthesize this material, and the very low temperatures
necessary to store it, limit its potential as a practical storage
material.

The addition of a promoter molecule, tetrahydrofuran
(THF), was found to significantly reduce the formation
pressure by a factor of 30 (from 200 to 7 MPa at 280 K) by
filling the large cages and stabilizing tls#l structure; the
small cages can then be filled by molecular hydrotjef.
This scheme provides a trade-off between improving syn-
thesis or storage conditions and the reduction in hydrogen
storage capacity resulting from the addition of the second
guest. Udachin et &k found that while He fills only 24.5%
of the small cavities of the THFHe clathrate, Hican occupy
nearly 100% of the cavities, and at higher pressure (700
MPa), it is possible for two hydrogen molecules to be
accommodated in the small cavity. Florusse et®dater

Struzhkin et al.

THF composition. They found that as the initial formation
pressure was increased to nearly 60 MPa, the hydrogen
storage increased to 1.0 mass %, which corresponds to a
storage capacity for nearly stoichiometric filling of large
cages with THF and single occupancy of small cages with
hydrogen molecules. Strobel efatid not observe hydrogen
occupancy of the large cages over the entire range of pressure
and THF concentrations studied, in contrast to the results
reported by Lee et &F The kinetics and equilibrium
conditions of cage occupancy are thus questions requiring
additional research.

2.2.2. Additional Ternary Systems

Investigation of the ternary and multicomponent clathrate
hydrate forming systems is important for practical applica-
tions because most natural gases are mixtures of the clathrate
hydrate forming gases. Despite this fact, few carefully
studied systems of this type are kndWdue to significant
difficulties in investigation and treatment of phase diagrams
of multicomponent clathrate hydrate forming systems. Gen-
erally, the data concerning these systems are limitd2H®
dependencies representing decomposition of the hydrate
formed by the gas mixture of a given composition. Taking
into account the complexity of the phase diagrams of ternary
and, especially, multicomponent systems, we conclude that
if the phase diagram of the multicomponent system is not
studied in detail, important information may be lost. For
example, thesl clathrate hydrates are formed in water
methane and watefethane systems at ambient pressures.
The hydrate formed in the ternary wategnethane-ethane
system appears to be a hydrate wsthstructure. Analysis
of the water-methane-ethane system using X-ray diffrac-
tion, Raman spectroscopy, and gas chromatography revealed
clathrate structures, compositions, and cage occupafiicies.
Experimentally, hydrate structure Il existed in samples
formed when the gas equilibrated with hydrates was ap-
proximately 2% GHg (molar fraction) whereas both struc-
tures | 61) and Il (sll) coexisted for 1222% GHe. The
structures below 2% and above 22% oHg existed only
assl hydrates. Some additional information concerning the
decomposition curves of the hydrates formed in the ternary
systems is summarized in refs 27 and 57.

Properties of clathrate hydrates formed in ternary systems
may differ significantly from those with one type of guest

found from gas release measurements one hydrogen molecul&0lecule. First of all, each type of cavity in the double

per small cage in the THHH; clathrate, although their NMR

hydrates may be occupied by the gas molecule with the most

results suggested that the small cages could potentiallySuitable size, which increases the packing density of the
contain more than one hydrogen molecule. More recent high-hydrate. Due to this fact, the decomposition temperatures of

resolution neutron diffraction studies of the THB, clath-
rate formed at 70 MPa suggested a singlg riolecule
occupied the small cage on aver&g&ingle occupancy also
gives the lowest energy for all configurations tested in
molecular dynamics simulatiotisfor THF—H, clathrates,
although the unit cell configurational energies for single and
double occupancy of the small cage were comparable.
Lee et al'®reported double occupancy of hydrogen in the
small cages of the THFH;, clathrate formed at 12 MPa and
270 K, and they also found that they could reduce the
concentration of THF so that a fraction of the large cages
could be filled by a tetrahedral hydrogen cluster, and that,
without sacrificing synthesis conditions, a hydrogen storage
near 4 mass % could be achieved. Strobel &t aked gas

the double clathrate hydrates in many cases are higher in
comparison with those of the clathrate hydrates of each
component.

Small impurities of another gas may dramatically change
the structure of the clathrate hydrate formed. The methane
propane system is given as an example. Even a small
admixture of propane to methane (less when 1%) causes
formation of thesll clathrate hydrate instead of the
clathrate hydrate which is characteristic of pure mettténe.

We have new results on the,HH,O—CH, system (with
H,—H,0 and B—CH, as binary end members) (Figure 9).

It was established earliéf°that addition of methane to water
enhances the hydrogen bonding in the wataethane

framework at much lower pressures than in pug®Hce.

release and NMR methods to measure hydrogen storagéNe expect lower pressures and higher temperatures for the

capacity as a function of the initial formation pressure and

stability of hydrogen-rich end members of this ternary system
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stability will outweigh the unwanted side effects of adding
extra mass. The addition of new guest molecules also offers
another intriguing new possibility because they can, in
principle, lead to the formation of different clathrate struc-
tures (e.g.sH, which has large cages with 5.7 A diameter
300K I compared to 4.7 A iisll) and could therefore accommodate
4080 4120 4160 more hydrogen.

255K

diamond

2.3. Outlook for More Complex Structures

2.3.1. Beyond Cubic

At present, only thesll clathrate structure is known to
: v ; . i accommodate hydrogen at low pressures (below-30D
0 1000 2000 3000 4000 MPa): in the binary H—H,0 system and in the ternaryH
Raman shift (cm™) THF— H,0 system. The clathrate structusél and more
Figure 9. Preliminary results on the #H,O—CH, system  COomplexstructures having larg&g cavities potentially may
showing a compound that forms at 300 MPa and 250 K. The hold more hydrogen than th&l structure, since the'%®
hydrogen content in this compound is still not determined; the phasecage has been predicted to hold up to five argon afdms.
diagram is under investigation. The new solid does demonstrate Even more complex structures are pos&flénen combining
that there is a potential hydrogen storage material in this ternary together a few water cages as shown in Figuf&s® The
system. review by Dyadin and Udachidgives an extensive list of

ossible clathrate structures. For example, they describe

due to the enhanced hydrogen bonding. Our recent resultsﬁmmme, or combined, cages, formed from a few elementary
on a hydrogerwater-methane system demonstrate that a pjiging blocks (Figure 2). These multiple cages may hold
new solid forms at 300 MPa and 255 K. larger molecules than the largédiype (5%°) cage in Figure
The Raman spectra of the new solid in Figure 9 show 2 Tne review of the structure, stoichiometry, and stability
C—H vibrations around 2900 cm, O—H bands of the water  of the polyhydrates of tetraalkylammonium salts and tri-
framework between 3000 and 3250 cirand both Hrotons  5jkylamine oxides given by Dyadin and Udachidescribes
and a H vibron. The inset in Figure 9 shows the details of he effects of size and configuration of the hydrophobic part
the vibron Raman spectra at 255 K and 300 MPa; the low- qf the guest molecule and its ability to undergo hydrophilic
frequency shift of the vibron frequencies at 255 K is jnteraction with the framework. A comparative analysis of
characteristic for hydrogen enclathration. Thus, we expecthe structures in relation to those of the ideal gas hydrates is
that the new phase is possibly a clathrate structure. Futureg|gg presented in that review. Dyadin and Udatetaborate
structural studies will provide unambiguous identification of g the guest molecule size- and shape-related reactivity in
the new phase. Available theoretical and experimental these systems and analyze the ability of water to construct
information on the extensively studied,®—CH, binary  frameworks with appropriate cages. This information forms
system may be used to optimize the new ternary compoundy phasjs for future molecular engineering approaches to
for hydrogen storag#. hydrogen storage in complex clathrates. The example of such
Future studies of the ternary,HH,O—X system with a an approach is given in the next subsection.
third molecular component based on second row elements .
of the Periodic Table may prove important. For example, 2.3.2. Semiclathrates

systems based on simple molecules may be examined, The family of inclusion compounds is very diverse and is
including CQ, NHs, diluted HF, unsaturated hydrocarbons, not limited to the simplest cubic and hexagonal structures
and similar molecular compounds. It is clear that one H (Figures 3-5). Water molecules can encage not only
molecule is too small to stabiiza 7 Adodecahedral cage  hydrophobic molecules but also larger molecules which have
of the conventional clathrates, an effect that decreases thehydrogen-bonding abilities in their structural units. The larger
stability of the pure-hydrogen clathrate at low hydrogen molecule can attach to the water molecules’ network by
content. However, understanding of the structure and bondinghydrogen bonding and fit into complex composite (or
of the hydrogen molecules in the clathrate hydrate provides multiple) cages with part of their walls removed and replaced
important insight into increasing clathrate stability. Substitu- with the active part of the guest molecule. The remaining
tion of the H molecule in the small cage by the “size empty cages can be used to store hydrogen. This approach
appropriate” guest entities would result in a drastic increase has been recently reporfédto provide 0.2 mass % of
in clathrate structure stability. Thus, mixed clathrates could hydrogen storage in a semiclathrate hydrate of tetra-
be stable under moderate pressure and room temperatureutylammonium bromide (TBAB). TBAB forms the semi-
which would make these compounds suitable for the ap- clathrate hydrate crystal, :§H3sNBr-38H,0, under atmo-
plication as hydrogen storage materials. spheric pressur®. TBAB cations are disordered and are
The purpose of including additional molecules in the located at the center of four cages, viz. two tetrakaidecahedra
clathrate hydrate structure is to enhance their stability as aand two pentakaidecahedra in ideal cage structures, while
function of temperature and pressure. The type of guestall the dodecahedral cages are available for inclusion of
molecule significantly affects the decomposition temperature, appropriate guest molecul&s.
e.g., at 0.1 MPa, 145 K for Hclathrates, 230 K for Ar,
and 284 K for CIQ.%° However, additional guest molecules  2-3-3. Molecular Hydrogen + Hydrocarbon Compounds
will add mass and also take away a fraction of the available (Pual Fuel)
storage volume. Future research should be focused on Recent work has demonstrated that storing molecular
identifying specific guest molecules, for which the increased hydrogen in hosts of simple molecular materials such &3 H

Relative intensity

t
H: rotons H,+ CH,+ H,0, 0.3 GPa, 255 K H, vibron




4142 Chemical Reviews, 2007, Vol. 107, No. 10 Struzhkin et al.

300

hydrogen storage, providing an environmentally friendly
solution. Only two systems, hydrogenctane and hydrogen
methane systems, have been investigated. At Hgh
hydrogen forms a series of crystalline molecular compounds
with methané? At high pressure, hydrogen also forms
compounds with molecules that are inert at ambient condi-
tions. For example, hydrogen combines with argon to form
Ar(Hy)2, which contains 9.2 mass % hydrog€rit is just
one of a number of high-pressure compounds that have not
been studied in the context of a hydrogen storage material
but may hold promise.

The stability of HO-based clathrates is limited by the

250 A

N

(=

o
L

Temperature (K)
2

<3 Melting upon P release strength of hydrogen bonding in the clathrate cages. Group-
© Flidsample IV element clathrates (Si, C) with strong covalent bonding
50 ; ;2:: :::::Lf::; could serve as carbon-based clathrates. Carbon clathrates are
1 ® Soid sample predicted to have many fascinating properfiemcluding
4oe < Hyloss from sample high-T. superconductivity? however, the reported experi-
0 ‘ ' ' ‘ ' ' mental findings are limited to the hexagonal form of thg C
0 1 2 3 4 5 6 clathrate structuré: Simultaneous synthesis and character-
Pressure (GPa) ization of clathrate materials of silicon (which have been

Figure 10. Melting curve of (H).CH.” Melt refers to a fluid ~ known since 1965) and carbon at higP—T conditions in
mixture of H, and CH, This material demonstrates the potential a hydrogen pressure medium could be done, with subsequent
of hydrogen plus simple hydrocarbon systems, and suggests thequenching of the materials to ambient conditions. The
search for novel hydrogen-rich compounds with other alkanes and reported fullerene-based cuboi@q€lathrate-like structuré
hydrocarbons. could be a potential compound for hydrogen storage. For

) completeness, we would like to mention here silica clath-
CHs, NH, CO;, and other larger molecules provides an gteg74.75

attractive alternative method for hydrogen storage. A great
variety of gas-ice molecular compounds have been synthe-
sized by varying thé>—T conditions and the chemistry of
the gases and icé%;% but systems involving molecular .
hydrogen have been scarcely studied. Two binaries; H 3.1. Neutron Scattering

H,0' and H—CH,,'® were previously investigated at high

P and 300 K for planetaf§ and physical chemistry interest, 311 Stucure

resulting in the synthesis of a myriad of hydrogen-rich, A hydrogen molecule contains only two electrons and thus
crystalline compounds. Some of these compounds haveis hard to probe with X-rays (since the scattering power by
already been mentioned in a previous discussion; we give aX-rays is related to the square of the atomic number). In

3. Experimental Probes

more complete list below: #H,0)s (23 g/L hydrogen), contrast, neutrons interact with the nucleus rather than the
which is stable above 700 MP&°“filled ice” H »(H,0) (110 electron cloud, and the scattering power is not as directly
g/L hydrogen), which is stable above 2,200 MPand H- dependent on atomic number. Neutron diffraction is a well

(CHg)2, Ha(CHg), (H2)2(CHy), and (H)4(CHg), which are suited technique for studying the structure and dynamics of
stable between 4,500 and 8,000 MP@hese pressures are, hydrogen-containing materials, and it is quite sensitive to
however, too high; the hydrogen-bearing solids must be the position of hydrogen and its isotopes (especially deute-
brought to near ambier® to be of practical interest to  rium). Neutrons are also more penetrating than X-rays, and
hydrogen storage. one can probe samples in more complex sample environ-
As described above, other intriguing findings have been ments (e.g., high-pressure vessels, refrigerators and furnaces,
obtained in investigations of the;HCH, binary system. The  etc.). However, fluxes from neutron sources are much lower
(H2)4(CHs) compound contains 33.3 mass % molecular than those from synchrotron X-ray sources, and neutron
hydrogen (i.e., not counting the hydrogen in £ The diffraction requires much larger samples.
stability field of (H)4(CH,) extends to 5,0006,000 MPa The moderat® and lowT stability of the hydrogen storing
at 300 K, and it becomes the only molecular compound molecular compounds means a high-pressure low-tempera-
between H and CH at 160 K and 1,000 MPa. The low- ture fluid/gas aluminum cell (which has much larger sample
pressure stability boundary of §/4(CH4) was found to be  volumes than diamond anvil cells) can be used to perform
300 MPa at 77 K; the melting curve of this compound was in-situ neutron diffraction. Aluminum is used to construct
measured to nearly ambient pressure (Figuré41Ajthough the pressure cell, because it has a small cross section of
the melting curves of (b4(CHs) and pure hydrogen are neutron scattering and maintains reasonably high strength
similar above 1 GPa, they differ significantly at lower under hydrogen pressures. To avoid incoherent scattering of
where the application to hydrogen storage is relevant. The hydrogen, which contributes to the backgrounds of diffraction
(H2)4(CH,) solid is stabilized to 40 K higheT than pure patterns, deuterated samples are used. For the study by
hydrogen at the sane. Lokshin et al}” the deuterated clathrate was synthesized from
Van der Waals compounds okldnd simple hydrocarbon  a mixture of  and DO, and its stability was monitored as
molecules can be used as a dual fuel by releasing moleculama function ofP andT. The hydrogen clathrate was obtained
hydrogen as the primary fuel and then consuming the under 2.2 kbar of Ppressure in the temperature range 200
remaining hydrocarbon as the secondary fuel. Alternatively, 270 K, and neutron data were collected during cooling from
the hydrocarbon can be recovered for the next cycle of 200 to 40 K and during heating from 40 to 200 K at ambient
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Figure 11. Neutron diffraction data for the deuterated clathrate synthesized from a mixturg afd>D,0.

pressure. The number of,nolecules and their distribution ~ of states (PDOS) is a particularly useful quantity. For

in the cages was found to vary systematically witnd T neutrons scattered incoherently in a one-phonon process
(Figure 11). Below 50 K, the guest,Dmolecules are
localized, where one Poccupies the small cage and four N th i Fi(w)

D, molecules are in the large cage arranged in the tetrahedral ~ Q:w) = Zlci_ — exp(2W)——n(w) + 1]
geometry with a B—D; distance of 2.93(1) A. Interestingly, ;o2 m @
the four D, molecules in the large cages are oriented toward
the centers of the hexagons formed by the framework water
molecules, presumably due to the energetic need of minimiz- 1
ing their electrostatic repulsion. On the other hand, the Fi(w) = —Z|e,(j,q)|2c3[w —w(j,q)]
distance between the four tetrahedrally arrangediol- 3N1q
ecules (2.93 A) is very smalimuch shorter than that in the
solid hydrogen at lowT (3.78 A)76 With increasing tem-
perature, D molecules become delocalized, as represented 5
b . oo . > ” hQ oFi(@)
y a uniform distribution in terms of their scattering densities W(Q) =%
on the surface of a sphere, and the number pfridlecules 2m w
in the large cage gradually reduces to two as temperature is . ,
allowed to increase to 163 K at ambient pressure (Figure Whereci are the concentrations of the different atom types.
11). In contrast, the occupancy of the small cage was foundThe indexj numbers the phonon branches with frequencies

w(j,q) and eigenvectors(j,q). It is thus possible to extract
:gnt])gecrg?usrtéar:;r?;:neanoIecuIe per cage throughout the a generalized form of the density of states (GDOS) from

the coherent neutron spectra (using the incoherent ap-

In summary, neutron scattering provides valuable quantita- Proximatior®) in which the contributions of the different
tive information on the enclathration of deuterium under atoms to the PDOS are weighted by the scattering powers
different temperature and pressure conditions. Such informa-0i/M: i ) )
tion would be quite difficult to obtain by existing gravimetric ( Alrnf(lzsé'f gﬁgtg] ;Scsjgl’lrg‘sgl\‘zgi‘fﬁ;f’;{}ozgefgﬁ;‘gﬁgrgées
techniques, since they are not well suited for the low L e

. assignment were performed by Itoh et'&lt was found®
temperatures required for hydrogen clathrate at low pressuresi -+ the spectral features of two intense peaks at about 6.5

and 10.5 meV are distinct from the spectrum of hexagonal
3.1.2. Phonon Density of States ice and provide a fingerprint of the open-cage structure of
the host lattice. From a comparison of the experimental N

scattering (IINS) are usually performed with energy resolu- 10ns, they assigned Nnternal modes in small and large
tion of about 0.1 meV-see, e.g., Tse et @and ltoh et al’.78 cages. They also predicted characteristic low-frequency

. . modes of N molecules in doubly occupied,tlathrate b
In such measurements the dynamic scattering fe&Qiw) D simulations. From their Il)\IIS exgerir%ents and l\y/ID

is obtained. The scattering law is connected to the generalizedsjmlations, it became clear that clathrates not only have
susceptibilityy”(Q.w) via Q) = 1/a[l + n(w)ly"(Qw)  the expected different spectral features of the guest modes
weren(w) is the Bose-Einstein thermal population factor.  but also exhibit a variable coupling of the guest modes with

When comparing different substances, the phonon densitythe host lattice. For instance, by comparing the low-frequency

with partial densities of states

and the DebyeWaller factors

[2n(w) + 1] dw
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Figure 14. Raman spectra of hydrogen clathrate in the hydrogen
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Figure 13. Comparison of neutron inelastic scattering data
measured for hydrogen clathrate,{HH,O+THF) with the calcula-
tions for HO clathrate typesll cages. Calculations reproduce the
librational modes of KO above 500 cmt (~70 meV) and the cage
deformational modes (phonons) below 3002r(~40 meV). The
experimental data are from T. Jenkins et al., ref 134.

0 900 1000

for free hydrogen molecules at ambient conditions. Reprinted with
permission from ref 5. Copyright 2002 by the American Association
for the Advancement of Science.

structure studied with INS were compared with lattice
dynamics calculations using the force field. Very good
overall agreement is found for the observed phonon and
libron bands (Figure 13}

3.2. Raman Scattering

3.2.1. Internal Modes—Crystal Field

Mao et al* used Raman scattering to characterize the
hydrogen clathrate. At the formation of the clathrate, broad
liguid water O-H peaks at 30083600 cni* transformed
to sharp peaks typical il clathrates. Meanwhile, hydrogen
roton peaks appeared at 36850 cnt! and vibron peaks at
4100-4200 cntt (Figure 14). The hydrogen roton§(0),
(1), andS(2), in the clathrate were similar in frequency
to those of pure hydrogen, indicating that the hydrogen
molecules in clathrate cages were still in free rotational states.
The H-H vibrons of the new clathrate, on the other hand,

modes in large cages, Xe modes were found shifted and haveare distinct from those of other known phases in the-H

higher anharmonicity than ;N

INS scattering studies of hydrogen clathrate have been
performed (Figure 12). The INS spectra are presented in
Figure 13, along with the lattice dynamics calculations of
phonon density of states. Calculations for the empty cages
show the gap between the librational modes eDHabove
70 meV and the cage deformational modes below 40 meV.
The low-frequency part of the phonon band consists of
vibrational modes where the clathrate cages move as a whol
and get distorted at the same time. No clear distinction
between breathing and translational modes can be made. W
obtain good overall agreement with experiment; the distinct

i
K

H,O system. The vibrons of the hydrogslhclathrate appear

at 4120-4150 cm® (Figure 14), which is below the
dominantQ; vibron at zero pressure (4155 ch This
softening arises from increased intermolecular vibrational
coupling within the H clusters. Attractive interactions
between the hydrogen molecules and the host (even transfer
of electron density) could result in additional stabilization
f the clathrate without confining pressures. Once the
ydrogersl| clathrate was synthesized at 200 MPa, it showed
markable stability (or metastability) and persisted to 280
upon warming. Along anothd?—T path, it was cooled to

lower frequency and higher frequency vibrations correspond 78 K, and then pressure was released completely. The sample
to the phonon and libron bands, respectively. The INS spectrad@t 78 K was exposed to the;as pressure (10 kPa) in the
may provide additional information if isotope shifts are Cryostat, and the clathrate remained. The vibron spectra
analyzed. Experimentally, additional modes are observed in(Figure 14) of the clathrate displayed two groups of mul-
the experiment in the region of hydrogen rotons {30 tiplets of nearly equal intensities, supporting the assignment
meV). of two equal populations of hydrogen molecules in eight
The classical TIP4P force field (see section 4) was used H(5'%6* and sixteenD(5'%) cages. Mao et al. tentatively
to characterize the interaction of the water molecules in the assigned the lower frequency group at 41#435 cn? to
clathrate cage. In this model, the water molecules are treatedhe loosely fitted tetrahedral molecular cluster in theage
as rigid objects that interact via a short-ranged Lennard-Jonesand the higher frequency group at 4136155 cm'! to the
term as well as via the Coulomb potential between three point bimolecular cluster ordered in thH2 cage. When warming
charges that are assigned to each molecule (see litaka andp from 78 K at 10 kPa, the higher frequency vibrons
Ebisuzaki’§® calculations of the pressure effects in the gradually vanished above 115 K while the lower frequency
methane hydrate “filled ice” high-pressure phase). The vibrons and thell crystal structure persisted to 145 K. This
vibrational properties of the typell clathrate hydrate  observation is actually not consistent with the above peak
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assignment in view of the neutron scattering experiniénts g b) c)
(Figure 13). According to neutron experiments, the large

cages start to lose hydrogen at-7&D K, and only two ’_‘_‘l‘barﬁ”{"'mpa
hydrogen molecules are left in the large cages at 150 K, when solid, 1 bar, 10k | || |
small cages also start to lose hydrogen. :
Above 145 K, the lower frequency vibrons gradually e
disappeared and the crystal structure collapsed, which is solid, 0.6 GPa. 104K ‘ §
consistent with the neutron studies. The multiple peaks within i
each group contain detailed information on the extent of
intermolecular vibrational coupling, including configuration
information; however, the observed vibronic splittings have
not yet been addressed theoretically. The lower frequency
Raman peak at 4135135 cnt! was also observed in the
ternary B—THF clathrate system, were hydrogen should 200 600 1000 2900 3000 3100 4150 4200 4250
mostly occupy small cagé8We may conclude that existing Raman shift (cm™)
experimental evidence supports the assignment of the lowerFigure 15. Raman spectra of CfH.), in different spectral ranges.
frequency peak to the smdll(5') cages and that multiply ~ The 1 bar and 0.9 GPa (900 MPa) dashed lines in part ¢ correspond
occupied largeH(5'26% cages give rise to the group of to the hydrogen vibron positions in fluid hydrogen. (a) Rotons and
Raman modes at 413%155 cntl. The issue with the translational modes region; (b)-C¢ stretch vibrational frequency
relative peak intensities is more complicated, since the large"€9'0": (€) vibron region of the jimolecule.
cages may be occupied by less than four molecules, and the .
fiIIi%g of sr);all cages still r)c/emains controversial (see below N Crystal structure8: At low T, the proton NMR analysis
in section 4 the discussion of theoretical results on this issue).'S Sensitive in the first order to the motion of water molecules

The Raman spectra of enclathrated THF molecules aredue to reorientation; the second-order contribution comes
i i i 5 1
relatively well understoo® The reorientational motion of ~1om translational diffusioff? C NMR spectroscopy allows

enclathrated THFE molecules, which is restricted due to van "€S0lVing the occupation of cages. For example, Ripmeester

der Waals interactions with the host water lattice, is observed et al* determined the occupancy of methane_ in _the small
by Raman spectroscopy.The THF ring breathing mode, and .Iarge cages qil and sII.usmg crosspolarization and
which is symmetric at high temperatures, broadens signifi- m:il2g|c angle spinning techniques. ) ) )
cantly and becomes asymmetric at low temperature. Rough . X€ NMR spectroscopy has been used to identify ratios
activation energy analysis using data obtained from NMR ©f Xe atoms in small and large cages, to resolve the shape
and dielectric experiments suggests that the reorientation rate?’ cages, to measure the kineticssdf-sll—sH transitions

of enclathrated THF molecules approaches that of the isolated(S€€ ref 27). The protortt) magic angle spinning (MAS)
molecule at about 120 K. The rapid reorientational motion NMR was used by Florusse et ‘al(solid-state'H NMR

of the thermally activated THF molecules at 120 K results SPectra of Htetrahydrofurards (H/TDF) hydrate). The

in a symmetric Raman line shape for the ring breathing mode. NMR spectra showed a broad, intense resonance line with a
The bandwidths of the uncoupled OD vibrational spectra of chemical shift of 4.3 parts per million (ppm), which was
the host water lattice between 10 and 170 K in the THF Presentdue to Hmolecules encapsulated in thsi$ hydrate.
clathrate hydrate were used to characterize the distribution The H molecules most likely occupy only the small cages
of O—H---O hydrogen bond lengtt&. They range from to a significant extent beca'\use.the TDF molecules occupy
2.727 10 2.810 A at 10 K and from 2.738 to 2.825 A at 170 Nearly all the large cages in thisl hydrate’® Florusse et

K. These data are in good agreement with data collected at@l-"® concluded that théH MAS NMR spectrum of the bl

N
fluid, 0.7 GPa, 104K |1 {i

higher temperatures. TDF hydrate showed no definitive evidence of multiple H
gas occupancy of a single small cage; however, the relatively
3.2.2. Rotational and Translational Modes large line width observed for its resonance line was consistent

with an increase of homonuclear dipolar broadening that most
likely would occur if each small cage contained more than
one H molecule guest.

Lee et al*® reported recentlyH MAS NMR spectra of
the THF—H, double hydrates formed at 12.0 MPa and 270
K as a function of concentration of THF. The NMR samples
were prepared from deuterated water@D 99.9 atom %
D) and THF (THFéds, 99.5 atom % D). The chemical shifts
of D,O and THFdgs were identified from the NMR spectrum
of THF-dg hydrate. The samples were transferred to an NMR
rotor and analyzed at 1 bar and 183 K. As the hydrate is not
absolutely stable under these conditions, quantitative spectra
tould not be obtained because of ongoing decomposition,
although a consistent picture was constructed from the spectra
that showed several characteristic features. The distribution
of hydrogen molecules in both cages sif was found to

: depend on temperature and pressure of synthesis. The NMR

3.3. Nuclear Magnetic Resonance spectra showed a broad line at 4.3 ppm (similar to Florusse

Proton nuclear magnetic resonance (NMR) spectroscopyet al#%) which was attributed to Hin the small cavities of
provides information about the motion of water molecules the double hydrate. Lee et ®&lfurther suggested that full

The lower frequency region of the Raman spectrum of
the hydrogen clathrate including lattice modes and hydrogen
rotational bands is much less studied in comparison to the
H, vibron region (Figure 15c). The low-frequency spectra
from hydrogen-rich solids (Figure 15a) are usually dominated
by the rotational excitations of the hydrogen molecule. The
rotational bands could be split by crystal field effects (Figure
15a)% The details of the interactions with the host lattice
could be extracted from low-temperature Raman spectra,
similar to the information on intermolecular interaction
extracted from the Raman measurements on solid hydfdgen.
Such an approach has not yet been pursued to the full extent
only the hydrogen vibron region was used for the charac-
terization of hydrogen clathrate hydrates (see previous
section).
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loading of the small cavities of THE7H,O with hydrogen First, the inelastic incoherent neutron scattering data imply
(2H, per small cage) resulted in a storage capacity of 2.1 that there is a very strong coupling between the guest and
mass % H. Lee et al'é observed that when the concentration icelike lattice vibrations, as seen from the distinct features
of THF reaches 1 mol %, a neitd NMR line appears at in the data resulting from the effect of the guest vibrations
0.15 ppm., which continues to grow with decreasing THF on the cage dynami®s.Second, nuclear resonant inelastic
concentration. Considering the other experimental evidencescattering® provides complementary data that confirm the
for the increased loading of the sample, they assigned thissignificant anharmonic character of the guest-atom vibrations.
peak to H clusters in the large cages. Strobel et'akpeated Tse et aP? concluded that strong anharmonic coupling of
the synthesis conditions reported by Lee et al., but they did lattice and guest vibrational modes (both translational and
not confirm the double occupancy of small cages or any librational, such as the clathrate hydrate of tetrahydrofuran)
observable occupancy of the large cages. They also did notis responsible for the scattering of heat-carrying lattice
see any NMR signal frolfH NMR in large cages. The  phonons leading to glasslike anomalies in the thermal
controversy in these two studies was attributed to inadequateconductivity. These authors further imply that in general this
use of the Raman signal in the hydrogen vibron region to mechanism is analogous to that in crystalline polymers or
quantify the amount of stored hydrogen. According to Strobel supramolecular solids (for example, Dianin’s compodfyds

et al.>* the maximum amount of hydrogen stored in this where low-energy librational motions (even without the
binary hydrate was about 1.0 wt % at moderate pressu#d (  presence of guests) have also been shown to couple strongly
MPa) and is independent of the initial THF concentration with the acoustic waves, thus diminishing the thermal
over the range of conditions tested. The accurate determi-conductivity. Future INS experiments and measurements of
nation of the H occupancy in the small cage of the hydrate thermal conductivity may help to establish the degree of
under differen®, T thermodynamic conditions is the key to  anharmonic coupling between the host clathrate lattice and
establish whether phydrate will be a suitable medium for  enclathrated hydrogen molecules and provide constraints on
H. storage. hydrogen molecule interactions within the clathrate cages.

~Okuchi et af” measured recently the hydrogen NMR  Measurements of the heat capacity of clathrates are often
signal in the filled ice. Within situ proton NMR spectra,  ysed to deduce the contribution of the rotational degrees of
T,"andT,* of filled-ice hydrogen hydrates at high pressure freedom of guest molecules and interpreted in terms of
reveal fast translational motion of the Ifholecules within hindered rotations at low temperature. Handa and his co-
the ice frameworks. The NMR spectra to 3.6 GPa gave yygrkers at National Research Councel (Canada) carried out
surprisingly narrow resonances of the. iPressure effects  qjorimetric studies at ambient and high press@fe8.The
onT,"* andT,™* of the H; indicate that molecular rotation  fie|d of calorimetric studies in clathrates is enormous and
and diffusion contribute together to the relaxation, from geserves a separate review. We describe below a few studies
which correlation times were determined. Liquidlike diffu- \yhich may be relevant for understanding of the THF clathrate
sion with little pressure sensitivity was deduced, indicating hydrate which has been widely used for increasing the
the ice framework allows active guest translation even in giapility of the hydrogen clathrate. The measurements of the
compressed states. heat capacity of tetrahydrofuran (THF) clathrate hydrate from
T = 17 to 261 K were reported by White and MacLégh.
The results were consistent with free or nearly free rotation
of the THF guest molecules in the host lattice at temperatures

are few published data on the thermophysical properties of 200V€ 120 K. At lower temperatures, this rotation becomes
this compound. However, we would like to discuss briefly hindered, but the reduction of rotational freedom is gradual
; @nd does not result in a phase transition. The hexagonal ice

related to complex guest dynamics in clathrate cages, which!S & 900d model for the empty lattice above 120 K but not
is also expected to be the case for hydrogen clathrates. BotH?€l0W this temperature. The authors suggested that the
sl andsl! structure types contain 80% of hydrogen-bonded ©Pserved difference in heat capacity reflects the role of the
water molecules; thus, many properties of these clathratelon_g'range order in the determination of the Iqw—temperature
structures resemble those of ordinary ice Ih. This, however, latticé heat capacity. From the heat capacity of the THF
is not true for the thermal conductivity which is unusually ~ molecule, the barrier to rotation for the THF guest molecule
low and displays a temperature dependence similar to thatW/as calculated to be 3.5 kJ molin good agreement with

of glasse€389despite the crystalline character of the clathrate that determined by other methods.

hydrates. At least two different qualitative models have been  Pure liquid water freezes to produce at least eight forms
proposed to explain the unusual thermal conductivity: (i) of ice from the liquid; at higher pressures, it freezes to ices
the large unit cell is leading to a limited phonon mean free 1lI, 1V, V, VI, VII, and XIlI, and at ambient pressure, it
path, and (ii) a coupling between the guest and host vibrationsfreezes to hexagonal and cubic ices depending upon the size
in the low-frequency region leads to effective phonon of the droplets and films. Also, when its amorphous state

3.4. Thermal Conductivity and Heat Capacity

The hydrogen clathrate discovery is so recent that there

scattering (see Tse and WHiteand references therein).
Recently, the guesthost coupling was confirmed experi-
mentally in inelastic incoherent neutron scattering experi-
ments on structure typs xenon hydraté’°Very recently,

the anharmonic mixing of host and guest vibrations was
confirmed for thesll krypton hydraté? The unusual thermal

produced by collapsing hexagonal ice at 77 K is heated, it
crystallizes to two other ices, Il and IX, which do not form
by cooling liquid water. In the presence of small molecules
(e.g., Ar, N, CO,, SK;, methane, acetone, dimethyl ether,
ethylene oxide, tetrahydrofuran, and cyclopentane), liquid
water crystallizes into one of three types of clathrates with

conductivity of clathrate hydrates is due to extensive mixing exceptionally large unit cells (Figures—3). The guest

of localized anharmonic “rattling” motions of guest atoms molecules stabilize the cagelike structures, and the strength
or molecules with the host lattice phonons. This was shown of interaction between the & and the guest molecule in
by Tse et aP? by the use of two complementary techniques. the cagelike structures determines the stability of the clathrate
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hydrate, its structure, and its formation conditions. The hydrogen-rich molecular compounds for hydrogen storage;
O—0-0 angles in all the three crystal structures deviate as such, the clathrate chemistry may hold enormous potential
from the ideal tetrahedral value, and the-B —O hydrogen for commercialization and practical use in a hydrogen-based
bonds are nonlinear. Tombari et'@.reported a thermody-  economy of the future.

namic study of the formation of tetrahydrofuran clathrate  Given the structural complexity of the proposed materials
hydrate by explosive crystallization of water-deficient, near (and clathrates in particular), theoretical work should rely
stoichiometric, and water-rich solutions, as well as of the on a combination of different computational techniques that
heat capacity,Cp, of supercooled tetrahydrofurai,O can balance the system size and the accuracy needed. One
solutions and of the clathrate hydrate, THF liquid, and can employ classical molecular dynamics based on potential
supercooled water and the ice formed on its explosive models, which allows study of the dynamics of large systems
crystallization. In explosive freezing of supercooled solutions such as thell clathrate structure using on the order of 1000
at a temperature below 257 K, THF clathrate hydrate formed molecules® As an intermediate method, one can use density
first. The nucleation temperature depends on the cooling rate functional theory to determine ground state properties of
and excess water freezes on further cooling. The clathratematerials on the one hand but also to study the dynamics of
hydrate melts reversibly at 277 K, a@} increases by 770  systems with up to 200 atoms. Finally, one can resort to
J/(mol K) on melting. The enthalpy of melting is 99.5 kJ/  advanced quantum chemistry methods that can accurately
mol, and the entropy is 358 J/(mol K). The mot@y of the describe dispersive interactions but do not provide us with
empty host lattice is less than that of the ice, which is a dynamical description. The complete theoretical description
inconsistent with the known lower phonon frequency @0H s usually based on a combination of different techniques
in the clathrate lattice. Analysis shows that Qevalues of inc|uding density functional theory (DFT), molecular dynam-
THF and ice are not additive in the clathrate. T®gof the ics (MD), and similar approaches. However, the first
supercooled THFHO solutions is the same as that of water successful theoretical description of clathrates was a ther-
at 247 K, but it is less at lower temperatures and greater atmodynamic description by the semiempirical model of van

higher temperatures. The difference tends to become constanier Waals and Platteeut#which considered clathrates as a
at 283 K. There is a considerable effect of the guest solid solution of water and gas.

molecules on the thermodynamics of the host lattice. The

heat capacity_per mole of @ in th_e host Iattiqe determined 41 Semiempirical Models

after subtracting the heat capacity of THF is less than that

of ice. The heat capacity of stoichiometric and near sto- 4.1.1. Extensions of van der Waals—Platteeuw Theory
ichiometric THF—water solutions at 253 K is the same as . .

that of supercooled water. It is higher at higher temperatures, Early studies by von Stackelberg and his scPoslic-
and the difference tends to approach a plateau value of caceeded in determination of the X-ray dlffractlpn patterns of
8 J/(mol K) at 283 K. It is lower at temperatures below 253 & number of clathr3ate hydrates. Almost simultaneously,
K, decreasing rapidly with further supercooling. These Paull_ng and Marsl® determined the crystal structure of
features seem to indicate a continuous change in the role ofchlorine hydrate. All clathrate hydrates were suggested to
THF in decreasing the vibrational and the configurational N@ve cubic structuressandsll) in which the guest gas

contributions to the heat capacity of water by changes in molecules are situated in cavities formed by a framework
the hydrogen bonding. of water molecules held together by hydrogen bonds. (At

In summary, kinetic (thermal conductivity) and thermo- present, hexagonal, orthorhombic, and more complex clath-

dynamic (heat capacity) properties of clathrates provide at€ Structures are know#). A common feature of all
valuable information on complex guest dynamics and bond- clathrates is a host lattice, which is thermodynamically
ing in clathrate cages. Such studies are highly desirable forunStfa.ble by itself. The inclusion of guests into cavities
hydrogen clathrates, for both hydrogen- and deuterium-basedStabilizes the clathrate structure. Judging from the structural
clathrates. The isotope-dependent properties may providecon5|deratlons, guests and host lattice interact by weak van

valuable information on quantum effects in hydrogen clath- der Waals forceS.Given the weak interaction, it seems
rates. natural then to regard a clathrate as a solid solution of the

second component in the metastable host lattice, and a
. thermodynamic model along these lines was generalized and
4. Theoretical Developments elaborated by van der Waals and Platteeuw in 7958.

The mechanisms involved in molecular storage are similar this model, the empty host lattice is considered as a “solvent”.
but not identical to physisorption mechanisms and are All molecules which fit into the cavities will be able to
governed mostly by van der Waals (dispersion) intermo- stabilize the host lattice, unless they show a specific chemical
lecular interactions and stronger forces holding together thereaction with the solvent molecules.
host framework (e.g., hydrogen bonding). Detailed experi- The van der Waals and Platteeuw theory, and all of its
mental studies of stable molecular structures by X-ray and subsequent derivatives, is based on four main assumptions:
neutron scattering and determination of their characteristic 12 (i) cages contain at most one guest, (ii) the guest molecules
vibrational spectra by neutron scattering, Raman, and IR do not interact with each other, (iii) the host lattice is
spectroscopy are necessary to establish the hierarchy oflunaffected by the nature or number of guest molecules
molecular forces governing the retention of hydrogen and present, and (iv) classical statistics is valid. Most of these
to optimize the materials for practical applications. Theoreti- assumptions are clearly violated in the case of multiple
cal calculations provide further insight and guidelines for occupancy of clathrate cages by gas atoms. The extension
development of hydrogen-storage materials tailored to the of the van der Waals and Platteeuw model for ternary systems
needs of a hydrogen-based economy. The range of moleculawas proposed by Lunine and Steven¥$isome groundwork
forces used for hydrogen storage matches those of biologicalfor improved theory has been performed by Dyadin and
systems. This approach establishes routes for producing noveBelosludov. They showed how a nonideal solution theory



4148 Chemical Reviews, 2007, Vol. 107, No. 10 Struzhkin et al.

can be formulated to account for the guegtiest interac-
tion.1% Belosludov et al. have proposed a generalization of
the existing theory of clathrate hydraf®§,so that it can
account for phenomena such as multiple occupancy of
individual cages and mutual guestost couplings and
guest-guest interaction. Their new model takes into account
the influence of guest molecules on the host lattice. With
this model, Belosludov et al. have modeled structural,
dynamical, and thermodynamic properties of ices and dif-
ferent hydrates at high pressures and over a range off
temperatures. The authors also investigated the influence o
guest molecules (argon, methane, and xenon) on the hos
lattice of hydrates of cubic structuresandsll. The results

of these calculations agree with known experimental data.
However, they did not analyze the multiple occupancy Figure 16. Two frames from a vibrational mode of a large cage
scenario in their work. A generalization of the van der in the clathratesll structure. This large cage is made of 4 hexagon
Waals—Platteeuw (vdW-P) statistical thermodynamic model and 12 pentagon faces formed by 28 water molecules. The libron

vibrational modes deform the cage by stretching the hydrogen
of clathrate hydrates was also formulated by Tanaka ety,.4s The distortions shown cgrres):)ond to ﬂgéoo C%/Tl 9

al. 197" particularly in application to multiple filling of the |ibrational mode. The complete calculated vibrational density of
clathrate cages in argdf®t While double occupancy is  states is shown in Figure 13.

relatively easy to handle, further extension to multiple
occupancy is made by considering indistinguishable guest

molecules in a single cage, and the numerical burden . . . .
becomes increasingly heaviét.Since this method requires and lattice dynamics (LD) calculations have shown that in a

explicit models to treat guestuest interactions, it becomes clathrate hydrate there are collective motions between .the
comparable to less empirical methods in complexity. guests and the water of the framework and strong mixing

The hydrogen clathrate has not been approached yet with(coupling) of the localized guest and lattice vibratidh&.
these thermodynamical models. The theoretical treatment for"@s been shown that the integrity of the clathrate hydrate
the hydrogen clathrate has been performed by mo|ecu|arframeW0rk structure agalnst thermal excitation is derived
dynamics and first-principle methods, which are reviewed from the repulsive interactions between the guest and the

below. waterl%” The physical reason for the strong vibrational
] ] interactions is due to the small size of the hydrate cages.
é;/-gula%%%‘;/ Potential and Molecular Dynamics When the framework water is displaced from its equilibrium

position, it pushes the guest atom along with it and vice versa.
Classical molecular dynamics with predefined force fields Therefore, the localized rattling vibrations of the guest are
is one of the most common simulation techniques to study modulated by the host lattice vibrations. The avoided crossing
many-particle systems. For water clathrates, one can startoetween the crystal acoustic modes and the guest localized
from well-established potential models like TIP4P and vibrations provides a convenient mechanism for the transfer
add hOS{—guest interaction&!? Alternative force fields for of energy between the two entities. This is the cause for the
clathrate studies have been developéd."> Besides the  yegonant scattering of the heat carrying phonons proposed

Elathrate S:gbi”tya th? f?fUS ?fthth((ajse classic?lthsimlult?]— earlier to rationalize the experimental thermal conductiv-
lons IS on he understanding ot the dynamics ot the clath- ., 90,118t js conceivable that the thermal phonons which
rate melting process and the associated hydrogen re-

leasei.3349,53,61,78,92,102,114 116, F{yo recent theoretical studies 7€ carried by the Iow—freque_ncy lattice v_ibratio_ns may be
of hydrogen clathrate by Alavi et &.and Inerbaev et & scattered throggh the excitations of Iocahzed_wbratlo_ns _of
by molecular dynamics are in general agreement with recentth® guest species. Itis noteworthy that the localized excitation
neutron diffraction experimentd. While different model ~ thermal conductivity model of Cahill and P&Hl gave a
potentials were used, both studies agree on the stablereasonable prediction on the magnitude and the temperature
configuration of four hydrogen molecules in large cages and dependence for several clathrate hydrates. The mechanism
one molecule in small cages sffi clathrate structure. Alavi  of the coupling between the water framework and guests
et al*® used an extended simple point charge model as thevibrations can also be investigated by molecular dynamics
intermolecular potential for water and a standard Lennard- techniques. However, the calculation of the relevant inter-
Jones potential to describe;HH; interactions. Inerbaev et adiate scattering functions is a formidable task, as it

i e :
‘;’]‘ql'o dilfjiigﬂoah%fr?r?glﬂzﬂn-lz;IrI(DjAfJP()npeostenéltaelnIic:arl Vv\\iﬁ:\e;asr:)?tei requires many repeating unit cells to include the correct
P phonon dispersiof?® A wealth of information could be

repulsion term. Both calculations prediet1l% volume . . . . .
expansion if the occupation of small cages is increased toobtamed from neutron inelastic scattering data as described

two hydrogen molecules/cage. It was also foGnbat large 1N Section 3.1, if the theoretical framewdfko treat the
cages could accommodate up to three hydrogen moleculefomplex guesthost dynamics will be established for
without significant expansion; the inclusion of a fourth hydrogen clathrate. The fine detail of the hydrogen
molecule expands the lattice by 0.5%%, depending on  hydrogen interactions in the large cage cluster awaits further
the details of the interaction potentials uséd. experimental and theoretical work. We have recently started

Despite the weak van der Waals interactions and almostthe MD simulations oEll hydrogen clathrate. An example
freely rotating guests, theoretical molecular dynamics (MD) of the calculations is shown in Figure 16.
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4.2. First-Principle Methods sll hydrate will be reduced. Sebastianelli et'@l.have
. ] calculated the ground-state properties and vibrationally
4.2.1. Ab Initio Calculations averaged structural information rigorously with inclusion of

guantum effects for one, two, and thneara-H, andortho-

D, molecules in the small cage, using the diffusion Monte
Carlo (DMC) method. They have found that, forjHand

(Do)n with n = 1 and 2, the ground-state energies are
negative, implying that these states are truly bound and stable
relative to the hydrogen molecule(s) at a large distance
outside the cage (the zero of energy). These results suggest
that double occupancy of #D; in the cage is possible.

Following the work by litaka and Ebisuzalt density
functional theory(DFT) can be used to study how different
guest molecules affect the stability of the clathrate cages.
This technique is also useful to characterize the vibrational
motion of the cage molecules and how external pressure
affects the cages structure. DFT gives superior accuracy to
Hartree-Fock theory and semiempirical approaches. In
contrast to advanced quantum chemistry methods [second

order Mgller-Plesset (MP2), coupled cluster (CC), config- N summary, available density functional calculations
uration interaction (Cl)], it enables fairly accurate treatment Suggest that small cages can accept two hydrogen molecules,
of systems with several hundreds of atofs. as was suggested in the first report by Mao et aiclusion

of quantum effects into calculations suggests that the
occupancy of Hin the small dodecahedral cage of thi¢
hydrate may be reducéét This reduced occupancy is
supported by existing MD calculatiofi$® and neutron
diffraction experiments on deuterated clathrate sysféis.
this moment, it appears that improvements are required in
density functional calculations to reproduce experimental
resultst’ the inclusion of quantum effects into the calcula-
C}ions appears to be necess#y126 The effects of different
Isotopes should also be addressed theoreti@aily future
work, since the MD studies suggest a large contribution of
zero-point motion to the stabilization energy of the clath-
rate®°

An estimation of the entropy and enthalpy of pure H
clathrates has recently been given by Patchkovskii and’Tse.
They have given a detailed analysis of the enthalpy and
entropy contributions of hydrogen guest molecules in
multiply occupied small and large cages by separately
considering contributions to the entropy and enthalpy from
the rotation of the individual Himolecules in the cages and
from the rotation and the vibrations of the clusterntf,
molecules in the clathrate cages. Patchkovskii and Tse use
density functional theory (DFT) calculatigiigo model the
small cage with a 20-molecule water cluster, and for large
cages, a 28-molecule model cluster was constructed in a
distortedT4 symmetry. To describe the hegjuest interac-
tion, they went beyond DFT and used MP2 calculation for .
cage geometries that were optimized with DFT. They observe 4.2.2. Theoretical Challenges
that the entropy associated with the guests in the cages makes To determine the stability of novel hydrogen clathrate
a substantial contribution to the free energy of the host materials using computer simulations is a challenging task
guest system and needs to be considered when the stabilithecause of the large size of th# unit cell with 136 water
of different occupancies is being determined. The results of molecules. However, different grodf!'*115 have suc-
the calculations indicate that small cages are preferably ceeded in determining the stability using classical molecular
occupied by two molecules. This conclusion is not in dynamics with effective potentials, e.g., derived from the
agreement with the MD calculations by Alavi et*aland KKY model1?” These simulations typically include 2 2
Inerbaev et al predicting stable single-occupancy small x 2 unit cells with 1088 water molecules in periodic
cage configurations, and with experiments on neutron poundary conditions at constant pressure and temperature.
scattering of deuteratedll hydrogen clathrat&. In the The shape and the size of the simulation cell are dynamic
absence of an explicit free-energy calculation similar to that variables. If large fluctuations from the cubic equilibrium
of the vdWP theory, such a semiquantitative analysis will configuration are observed, it is concluded that the structure
be useful in predicting the relative stability of the different is unstable. One also needs to incorporate hydrogen mol-
occupancies in the binary clathrate THFH, system. ecules as well as the new guest molecules in the simulation.

Another DFT approach was used by Sluiter €&t They The main challenge thereby is to derive potentials that can
employed the all-electron full-potential mixed-bases approach mimic dispersive interactions. This can be done by fitting
in which the electronic wave functions are expanded as aresults from quantum chemistry calculations. With these new
linear combination of localized atom-centered orbitals and effective potentials, one can then determine if certain types
plane waves. The localized orbitals are derived from wave of guest molecules can enhance the clathrate stability.
functions of non-spin-polarized atoms by truncating within Furthermore, one can study how the guest molecule interacts
non-overlapping atomic spheres and subsequent normalizawith the cages and the hydrogen and can identify preferred
tion. Studies on kD have shown that the rather low (200 orientations as a function of occupation of hydrogen mol-
eV) cutoff energy gives an accurate description. This mixed- ecules.
basis approach does not rely on pseudopotentials and uses
local density approximation. The authors concluded that the 5 Conclusions
enclathration of hydrogen molecules is based on physisorp-
tion and, therefore, density functional theory can be applied The suggested use of hydrates and other simple molecular
to describe the interactions in the hydrogen clathrate system.solids for hydrogen storage applicatidss received wide
They also found, similar to the results of Patchkovskii and attention. While the potential for hydrogen storage was
Tse?” the optimal large cage occupancy of fourdolecules demonstrated in early studi&%pptimization of the clathrate
and the small cage occupancy of twg kholecules, in materials to match strict requirements for onboard stdfage
disagreement with MD calculatiotf$® and neutron experi-  has not yet been achievétlAccurate determination of the
ments!’ However, a recent paper by Patchkovskii and H,occupancy in the small cage of the hydrate under different
Yurchenkd?* showed that if quantum effects are included, P—T conditions is central to establishing whetherhydrate
the occupancy of Hin the small dodecahedral cage of the will be a suitable medium for pistorage in thesll clathrate.
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However, several other molecular systems, carbon and silica-
based clathrates, may hold promise for hydrogen storage and
should not be overlooked in future studies. On the theoretical
side, developments in hydrogen storage applications would
benefit from the inclusion of quantum effects into the
calculations. The effects of different isotopes should be also
addresséed® in future work, since the quasiharmonic lattice
dynamics studies suggest a large contribution of zero-point
motion to the stabilization energy of the clathréfte.

With the accelerating advances in static compression
techniques in recent years, an increasing number of new
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recovered to ambient pressure. Recent developments sugges

great potential for finding or exploiting other high-pressure
materials. Low temperature hinders transition reversal and
preserves high-pressure phases to near ambient pré$sure.
The ongoing research of the hydrogen storage in clathrates
explores the moderately low (7800 K) to moderately high
(300-450 K) temperature range to search for new com-
pounds capable of retaining a significant amount of hydrogen.
However, the compounds that are formed at relatively high
P—T conditions may be decompressed at moderatelyTlow
Similar strategies may help in the search for novel clathrate
materials for hydrogen storage, albeit at higRefT synthesis
conditions and with the use of various starting materials (e.g.,
graphite, hydrocarbons).

The theoretical work should proceed in close collaboration
with the ongoing experiments, studying the same materials
under comparable conditions. It will eventually lead to an
accurate description of structure and bonding on the micro-
scopic level and therefore will help to identify and character-
ize structural changes as a function of pressure and temper-
ature. Also, the theoretical insight will guide the experimental
exploration of novel molecular hydrogen storage materials.
This is an extended and complex process given the large
number of possible materials and different thermodynamic
conditions. The goal of the theoretical effort will be to
eliminate unlikely storage materials early on and to come
up with more favorable candidates in order to make the
experimental exploration more efficient.

In this review, along with discussing the status of hydrogen
storage in clathrates, we briefly touched on diverse pos-
sibilities for molecular hydrogen storage in a broader class
of molecular materials. We believe that the supramolecular
approach holds great potential for new materials which may
effectively and safely store hydrogen for future energy
storage and distribution applications.
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